The freshly ovulated ovum in avian species is surrounded by a protein layer called the inner perivitelline layer (IPVL). The IPVL contains zona pellucida proteins and 6 distinct zona pellucida genes have been identified (ZPA, ZPB1, ZPB2, ZPC, ZPD and ZPX1) in the chicken. In the present research, the expression of the mRNA for ZPA, ZPB2, and ZPX1 was investigated in 2 lines of turkey hens selected for either increased egg production (E line) or increased body weight (F line). Theca and granulosa cell expression of the mRNA for ZPA and ZPB2 was also investigated in hierarchical and prehierarchical follicles from broiler breeder hens. Granulosa tissue was collected from F 1 through F 4 and F 1 through F 10 follicles in E line and F line hens, respectively. A one cm 2 section of the granulosa layer around the germinal disc (GD) and an equivalent sized nongerminal disc (NGD) area was also collected from the F 1 and F 2 follicles from other hens from each genetic line. Granulosa and theca tissue was collected from hierarchical and prehierarchical follicles of broiler breeder hens. Total RNA was extracted from the samples. Minor groovebinding probes and primers for detecting ZPA, ZPB2, and ZPX1, were made for real-time PCR analyses. Expression of ZPA, ZPB2, and ZPX1 was detected in all follicle sizes from both genetic lines of hens. No significant differences in ZPA and ZPX1 mRNA expression were detected between the GD and NGD granulosa cells. However, the expression of the mRNA for ZPB2 was significantly greater in the GD granulosa cells when compared to the NGD granulosa cells in F 1 and F 2 follicles from E line and F line hens. In broiler breeder hens, the mRNA expression of ZPA and ZPB2 was greatest in the smallest prehierarchical follicles. The results suggest that higher expression of ZPB2 in the germinal disc area may be important for the preferential binding of sperm to this region of the IPVL.
INTRODUCTION
The ovary of a mature hen consists of a visually evident hierarchy of follicles arranged according to size. The large yolk filled follicles are named according to size (F 1 -F n ). The largest follicle, which will typically be ovulated in 24 h, is designated as the F 1 follicle, and the second-largest follicle, which will be ovulated 24 to 26 h after the F 1 follicle, is the F 2 follicle, and so on for the remaining hierarchical follicles. In each follicle, the developing oocyte is first surrounded by its plasma membrane, followed in order by a glycoprotein coat termed the inner perivitelline layer (IPVL), granulosa cell layer, basal lamina and the theca cell layers. Visually apparent on the surface of the yolk of each C 2017 Poultry Science Association Inc. Received January 6, 2017 . Accepted March 26, 2017 This research was supported in part by generous gift from Hybrid Turkeys, Ontario, Canada and grant #628 from the U.S. Poultry & Egg Association, Tucker, GA.
2 Corresponding author: dbenson@uga.edu one of the large preovulatory follicles is a white colored, disc shaped spot referred to as the germinal disc (GD) which contains the female pronucleus and cellular organelles. The granulosa cells surrounding the GD region are morphologically and functionally distinct from nongerminal disc (NGD) granulosa cells (Perry et al. 1978) . When the F 1 follicle is ovulated, the theca, basal lamina and granulosa cell layers remain attached to the ovary. Therefore, the freshly ovulated, yolk-filled oocyte is surrounded only by its plasma membrane and IPVL as it is engulfed by the infundibulum of the oviduct. Spermatozoa in the infundibulum bind with the IPVL and undergo the acrosome reaction, which facilitates their penetration through the IPVL for subsequent contact with the plasma membrane (Okamura and Nishiyama, 1978) . Penetration of the IPVL by avian sperm takes place at a greater frequency in the GD region than in NGD regions of the oocyte (Howarth and Digby, 1973; Bakst and Howarth, 1977; Bramwell and Howarth; 1992; Birkhead et al., 1994; Kuroki and Mori, 1997; Wishart, 1997) .
Based on immunohistochemistry and Western blotting techniques, 5 ZP proteins, ZPB1, ZPC, ZPA, ZPD and ZPB2, named according to the Spargo and Hope (2003) nomenclature system, have been identified as glycoprotein components of the avian IPVL (Waclawek et al., 1998; Bausek et al., 2000; Okumura et al., 2004; Mann, 2008; Serizawa et al. 2011) . In both the chicken and quail, ZPB1 is synthesized by the liver and then subsequently transported to the developing preovulatory follicles (Bausek et al., 2000; Sasanami et al., 2003) . In contrast, ZPC and ZPD are both synthesized by the granulosa cells of the large preovulatory follicles (Waclawek et al., 1998; Takeuchi et al., 1999; Pan et al., 2001; Okumura et al., 2004) . Based on mRNA expression in turkey hens, ZPB1 production is limited to the liver while ZPC and ZPD production occurs in the preovulatory follicles (Benson et al., 2009) . In Japanese quail, the highest expression of both ZPB2 and ZPA is observed in the immature follicles (Kinoshita et al. 2010; Serizawa et al. 2011) . Smith et al. (2005) identified and subsequently mapped an additional ZP gene, ZPX1, in the chicken genome, but expression of this ZP protein has not been analyzed. Research with the chicken suggests that ZPB1, ZPC, ZPD and ZPA may all be involved in sperm binding to the IPVL and/or the initiation of the acrosome reaction (Pan et al., 2001; Takeuchi et al., 2001; Bausek et al., 2004; Okumura et al., 2004; Nishio et al. 2014) .
The Ohio Agriculture Research and Development Center maintained several genetic lines of turkey hens and 2 of these lines of hens differ in growth rate, egg production, and fertility (Nestor and Noble, 1995; Nester et al., 1996; Christensen et al., 2005) . Benson et al. (2009) reported that hepatic mRNA expression for ZPB1 was greater in the genetic line with better fertility. Total ZPC mRNA expression for the 4 largest preovulatory follicles was greater in the genetic line with lower fertility, and there were no differences in ZPD mRNA expression between the 2 genetic lines of turkey hens (Benson et al., 2009) . The mRNA expression of ZPA, ZPB2 and ZPX1 were not investigated in this previous research by Benson et al. (2009) . Therefore, the potential for differential expression of the mRNA for ZPA, ZPB2 and ZPX1 between hens that differ in fertility, granulosa cell location on the developing follicle and follicles at different stages of maturity was investigated in the present research.
MATERIALS AND METHODS
Two lines of turkey hens differing greatly in body weight (BW) and egg production were used in experiments 1 and 2. Egg line (E line) was selected by McCartney et al. (1968) from an established random bred control line (McCartney, 1964) while growth line (F line) was selected for increased 16-wk BW (Nestor, 1977) . The E line was originally selected based on the total number of eggs produced by dams for 84 d (generations 1 through 3). Selection was subsequently based on 180 d egg production for generations 4 through 26 and for 250 d egg production for subsequent generations (Nestor et al., 1996) . Selection for increased BW in the F line has reduced egg production in the hens of this genetic line due to a decrease in the intensity of lay as measured by average clutch size (Nestor et al., 1996; . In contrast, selection for increased egg production in the E line has greatly reduced broodiness while vastly increasing the intensity of lay in the hens of this genetic line (Anthony et al., 1991; Nestor et al., 1996) . Eggs produced by the F line hens also have lower rates of sperm penetration of the IPVL and fertility than the eggs produced by the E line hens (Nestor and Noble, 1995; Christensen et al., 2005) . E line and F line poults were hatched at the Ohio Agriculture Research and Development Center and were soon thereafter shipped to the North Carolina State University turkey educational unit. The turkeys were raised in floor pens and provided 10 h of light per d until 25 wk of age when the h of light per d were reduced to 8. At 31 wk of age, the turkey hens were moved to breeding pens (6 birds per pen) and photo-stimulated for reproduction by providing them 14 h of light per d. Each breeding pen was equipped with a nest box. The turkeys were provided with free access to appropriate commercial diets and water at all times through rearing and production. All turkey hen experimental animal procedures were approved by the North Carolina State University Animal Care and Use Committee.
Experiment 1
Turkey hens (44 to 58 wk of age) were killed by electrocution 2 to 4 h prior to ovulation. The 4 largest (F 1 -F 4 ) follicles were collected from 3 E line hens. Because F line turkey hens have more ova in rapid development than the E line hens (Nestor, 1977; Hoffman et al., 2007) , the 10 largest (F 1 -F 10 ) follicles were collected from 3 F line hens. The granulosa cell layer was manually separated from the theca cell layers of each follicle (Huang and Nalbondov, 1979) . Collected granulosa cell samples were frozen and stored at -80
• C in 1 mL of guanidine thiocyanate solution for subsequent RNA extraction.
Experiment 2
Sections of the granulosa cell layer (1 cm 2 ) surrounding the germinal disc (GD) and a nongerminal disc (NGD) area, on the opposite side of the follicle to the GD area, of the F 1 and F 2 follicles were collected from 12 hens from each genetic line of turkey hens 2 to 4 h prior to ovulation. The granulosa samples from the GD and NGD regions were pooled from 2 birds for each follicle size. 
Experiment 3
Based on the results for the mRNA expression profile for ZPA and ZPB2 in hierarchical follicles from the turkey hen in experiment 1, the mRNA expression profile of ZPA and ZPB2 was investigated in hierarchical and prehierarchical follicles in the broiler breeder hen. The 4 largest follicles (F 1 to F 4 ), small yellow follicles (SYF, >5 to 12 mm in diameter), and large white follicles (LWF, >2 to 5 mm in diameter) were removed from 8 Cobb 500 slow feathering hens at 45 wk of age, 2 to 4 h prior to ovulation. The granulosa cell layer was manually separated from the theca cell layers of each hierarchical follicle as in experiment 1 and the theca and granulosa cells were enzymatically separated in the LWF and SYF as previously described (Davis et al., 2000) . The granulosa and theca samples from 2 individual birds were pooled to generate 4 replicate samples of theca and granulosa tissue for each follicle size except for the theca samples from the SYF and LWF which were not saved. The other theca samples were homogenized for 30 s with a PowerGen 700 tissue disrupter (Fisher Scientific, Pittsburgh, PA). The granulosa and theca samples were frozen and stored at −80
• C in 1 mL of guanidine thiocyanate solution for subsequent RNA extraction. All experimental procedures for the broiler breeder hens were approved by the University of Georgia Animal Care and Use Committee.
Experiment 4
This experiment followed a similar protocol as experiment 3, except that only the F 4 follicle, SYF and LWF were collected from broiler breeder hens at 47 wk of age. The SYF were segregated based on size into the following 2 categories: >5 to 8 mm in diameter and >8 to 12 mm in diameter. Similarly, the LWF were divided into size categories of <2 mm in diameter and >2 to 5 mm in diameter. The theca samples from the SYF and LWF were also saved for RNA extraction.
Generation of Turkey ZPA, ZPB2 and ZPX1 cDNA Clones and Sequences
Primers for reverse transcriptase polymerase chain reaction were designed to span an intron based on reported chicken cDNA sequences for ZPA, ZPB2 and ZPX1 (Table 1) . Each of the primer sets were synthesized by the University of Georgia Molecular Genetics and Instrumentation Facility (MGIF). Reverse transcription was performed as previously described (Davis and Johnson, 1998) with total RNA extracted from the granulosa tissue of an F 1 follicle from a 44-week-old F line turkey hen. Polymerase chain reactions (PCR) were conducted as previously described (Davis and Johnson, 1998) with annealing temperatures of 50
• C for ZPB2 and 52
• C for both ZPA and ZPX1. To produce a sufficient quantity of the cDNA for sequencing, the reverse transcriptase PCR products were cloned into PCR II plasmids using the TA cloning kit (Invitrogen, San Diego, CA). Sequence analysis of the PCR-generated cDNA clones for ZPA, ZPB2, and ZPX were preformed by the University of Georgia MGIF. The homology of the turkey nucleotide sequences with the corresponding chicken ZP sequences was 99% for both ZPA and ZPX1 and 94% for ZPB2, and these sequences were used to design the primers for real-time PCR.
RNA Extraction and Two-Step Real-Time Polymerase Chain Reaction
Total RNA was extracted from the granulosa and theca samples using a guanidinium thiocyanate-phenolchloroform method (Chomczynski and Sacchi, 1987) . The mRNA for ZPA, ZPB2 and ZPX1 could not be detected in granulosa samples by Northern analyses. Therefore, to prepare for real time PCR, potential genomic DNA contamination was removed from extracted RNA samples using the TURBO-DNA-free kit (Ambion, Austin, TX) according to the manufacturer's protocol.
Sequence detection primers and Taqman minor groove binding probes specific for turkey and chicken ZPA, ZPB2, ZPX1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were generated using Primer Express software version 2.0 (Applied Biosystems, Foster City, CA). The ZPA, ZPB2, and ZPX1 assays (Table 1) were designed for use in both chickens and turkeys based on the generated nucleotide sequences in turkey and the submitted GenBank chicken nucleotide sequences for these genes. The turkey and chicken GAPDH primer/probe sets (Table 1) were designed based on a submitted GenBank cDNA sequences for each species. Each probe was labeled at the 5 end with FAM (6-carboxyfluorescein) as the reporter dye and at the 3 end with TAMRA (6-carboxy-N,N,N ,Ntetramethylrhodamine) as the quencher dye. Primer and probe sets were validated for real-time PCR by determining the optimal amplification efficiency and primer/probe concentrations as described by the manufacturer (Applied Biosystems, Foster City, CA).
Reverse-transcription cDNA synthesis reactions were performed using the TaqMan Reverse Transcription Kit (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. For 2-step real-time PCR, 150 ng of cDNA was used for each sample. The reactions were preformed in a 25 μL volume of reaction buffer containing 1x TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) and 900 nM of either ZPA, ZPB2, ZPX1 or GAPDH primer pairs and 25 nM of the appropriate probe. The reactions were completed in an ABI 7500 Thermocycler (Applied Biosystems, Foster City, CA). The thermocycler conditions were 10 min at 95
• C and 40 cycles each of 15 s at 95
• C and 1 min at 60
• C. The C T (the cycle number at which the fluorescence exceeds the threshold level) was determined for each reaction (run in duplicate) using Sequence Detection software (version 1.2.2, Applied Biosystems), and quantification was completed using the 2 ΔΔC T method (Livak and Schmittgen, 2001) . Briefly, the ZPA, ZPX1 and ZPB2 C T s were determined for each sample and then normalized to the GAPDH C T from the same sample (GAPDH C T subtracted from the ZP protein C T yields the ΔC T ). After all the ΔC T values were obtained for an experimental replicate the ΔC T values for each individual ZP protein were compared to the sample within the replicate that had the highest mRNA expression for that individual ZP protein using the 2 ΔΔC T method. Thus, all data for each individual ZP protein is expressed as the fold-difference relative to sample with the highest expression.
Statistics
Data from each experiment were subjected to analysis of variance (ANOVA). One-way ANOVA was used to detect significant differences in ZP protein mRNA expression between turkey hen genetic lines and granulosa cell location (Neter et al., 1990 ). Tukey's multiple comparison procedure (Neter et al., 1990 ) was used to detect significant differences in ZP protein expression among different follicle sizes. Differences were considered significant when P-values were <0.05. All statistical procedures were completed with the Minitab statistical software package (Release 13, State College, PA).
RESULTS

Experiment 1
The mRNA for ZPA, and ZPX1 was detected in all the granulosa cell samples from the hierarchical preovulatory follicles from both genetic lines of turkey hens (Figure 1) . However, there were no differences in the mRNA expression of ZPA or ZPX1 based on follicle size (Figure 1 ). In the E line hens, the expression of ZPB2 mRNA was greater in the granulosa cells from the F 4 follicle than in the F 1 follicle (Figure 2) . Similarly, granulosa cells from both the F 9 and F 10 follicles expressed greater levels of ZPB2 mRNA than any of the granulosa cells from the F 1 through F 6 follicles in the F line hens (Figure 2) .
Experiment 2
The expression of the mRNA for ZPA and ZPX1 did not differ between GD granulosa cells and NGD granulosa cells isolated from the F 1 follicle in either the E line or F line hens. The mean ± SEM relative expression of ZPA mRNA for the GD and NGD granulosa cells of the F 1 follicle was 0.630 ± 0.129 and 0.508 ± 0.113, respectively for the E line hens and was 0.648 ± 0.152 and 0.440 ± 0.142, respectively for the F line hens. The mean ± SEM relative expression of ZPX1 mRNA for the GD and NGD granulosa cells in the F 1 follicle was 0.552 ± 0.122 and 0.723 ± 0.097, respectively for the E line hens, and was 0.697 ± 0.168 and 0.518 ± 0.149, respectively for F line hens. Because the expression of ZPA and ZPX1 did not differ between F 1 GD granulosa cells and NGD granulosa cells, the expression of ZPA and ZPX1 was not examined in the GD and NGD granulosa cells isolated from the F 2 follicle. The expression of the mRNA for ZPB2 was greater in granulosa cells isolated from the GD region than from the NGD region in the F 1 follicle from both genetic lines of hens (Figure 3 ), and this difference in ZPB2 mRNA expression between GD and NGD granulosa cells was also detected in the F 2 follicle from both genetic lines of turkey hens (Figure 3) .
Experiment 3
In the broiler breeder hen ZPB2 mRNA was not detected in theca cells isolated from the F 1 , F 2 , F 3 , or F 4 follicles (Figure 4) . Granulosa cell expression of ZPB2 was most abundant in the LWF followed by the F 4 follicle (Figure 4 ). ZPB2 mRNA was not detected in the granulosa cells from the SYF (Figure 4) . ZPA mRNA expression was greatest in granulosa cells obtained from LWF (Figure 4 ).
Experiment 4
Theca cells isolated from LWF that were less than 2 mm in diameter expressed the greatest amount of ZPB2 mRNA ( Figure 5 ) in broiler breeder hens. Theca expression of the mRNA for ZPB2 decreased with follicular maturity and was not detected in the theca cells isolated from SYF that were greater than 8 mm . The mRNA expression data were normalized to glyceraldehyde-3-phosphate dehydrogenase and expressed as the mean fold difference ΔΔC T ± SEM, n = 3.
a-e Means with different letters differ, P < 0.05.
(A) (B)
Figure 3. The relative expression of ZPB2 mRNA of germinal disc (GD) and nongerminal disc (NGD) granulosa cells from the F 1 and F 2 follicles from E line turkey hens (A) and from F line turkey hens (B) (experiment 2). The mRNA expression data were normalized to glyceraldehyde-3-phosphate dehydrogenase and expressed as the mean fold difference ΔΔC T ± SEM, n = 6. a-b Means with different letters differ, P < 0.05. . The mRNA expression data were normalized to glyceraldehyde-3-phosphate dehydrogenase and expressed as the mean fold difference ΔΔC T ± SEM, n = 4. a-c Means with different letters differ, P < 0.05. Expression of the mRNA for ZPB2 was undetectable in all the T samples and in the G sample from the SY follicles, while the mRNA expression of ZPA was only undetectable in the theca cells isolated from the 3 largest hierarchical follicles.
in diameter ( Figure 5) . Similarly, the granulosa cell expression of the mRNA for ZPB2 decreased as LWF matured and it was not detected in SYF, but it was detected in granulosa cells from F 4 follicles ( Figure 5 ). ZPA mRNA was expressed in the theca and granulosa cells of all prehierarchical follicles with the greatest expression levels found in granulosa cells isolated from LWF that were less than 2 mm in diameter, followed by the theca cells of the LWF of this diameter ( Figure 5 ).
DISCUSSION
The current research is the first to provide expression data for these 3 ZP proteins in avian follicles of different maturity. With this research, the turkey becomes the first known species to express the mRNA for all 6 known ZP gene subfamilies. Unlike turkey ZPB1, ZPC and ZPD mRNA expression (Benson et al, 2009 ), . The mRNA expression data were normalized to glyceraldehyde-3-phosphate dehydrogenase and expressed as the mean fold difference ΔΔC T ± SEM, n = 4. a-c Means with different letters differ, P < 0.05. Expression of the mRNA for ZPB2 was undetectable in T and G from SY follicles that were >8 to 12 mm in diameter, and in G from the SY follicles that were 5 to 8 mm in diameter. the mRNA expression of turkey ZPA, ZPB2 and ZPX could not be detected by Northern blot analysis. Nisho et al. 2014 reported both ZPA and ZPB2 protein to be a protein component of the IPVL, but ZPX1 was not detected (Mann 2008) .
Of the 5 ZP proteins expressed by the granulosa cells of turkey hierarchical follicles, only the expression of ZPB2 is significantly higher in the GD granulosa cells than in NGD granulosa cells. The higher mRNA expression of ZPB2 in the granulosa cells surrounding the GD area may be important for the preferential binding of sperm to this region of the IPVL. Sperm binding and penetration of the avian IPVL preferentially occurs at the germinal disc region (Howarth and Digby, 1973; Ho and Meizel, 1975; Bramwell and Howarth, 1992; Birkhead et al., 1994; and Wishart, 1997) . Furthermore, Waclawek et al. (1998) reported that the transport of another granulosa derived ZP protein, ZPC, is secreted towards the apical side of granulosa cells which suggests that the composition of the IPVL directly above the granulosa cells may simply reflect what is secreted by the granulosa cells below it. Although Nishio et al (2014) reported anti-ZPA antiserum revealed ZPA protein to be more prominent in the GD region of White Leghorn hens, we did not see any difference in mRNA expression of ZPA between granulosa cells isolated from the GD and NGD region in turkey hens. It would be interesting to determine if ZPB2 protein expression is more prevalent in the IPVL overlying the GD region by Western blot analysis and immunohistochemistry. Additionally, protein expression of ZPA in the GD vs. NDG should be investigated to determine if there are differences between turkey and chickens in the localization of this protein.
In contrast to the reported increase of chicken and quail ZPC mRNA expression during follicular maturation (Waclawek et al., 1998; Takeuchi et al. 1999; Pan et al., 2001) , turkey ZPB2 mRNA expression decreased with increasing follicular maturation when examined in the extended hierarchy of the F line hens and broiler breeder hens in the current research. Similar to ZPB2, ZPA mRNA expression is highest in the prehierarchical follicles with the greatest expression found in follicles of less than 2 mm in diameter. The current research expands on the report by Nishio et al. (2014) who also showed greater expression of both ZPB2 and ZPA in immature follicles of White Leghorn hens, however, in contrast to our current findings, they reported very weak expression for ZPA and no expression for ZPB2 in theca cells of immature white follicles.
It appears that ZPB2 and ZPA might play an important role in early follicular development in avian species. It is interesting to note that antibodies directed against the ZP glycoproteins can cause infertility in mammalian species via a harmful effect on ovarian function, and this loss of ovarian function is characterized by a disruption of folliculogenesis and ultimately by a depletion of the primordial follicle population as reviewed by Paterson et al. (2000) . This suggests that ZP proteins play a role in early follicular maturation and in maintaining follicular viability. Further research is needed to understand the potential roles of ZPB2 and ZPA in prehierarchical follicles.
An undesired effect from the genetic selection for rapid growth and meat yield in poultry breeders has been an associated decline in fertility (Barbato, 1999; Brillard, 2004) . Much of the research in poultry fertility focuses on the male and on the quantity and quality of sperm produced by the male (Holsberger et al., 1998; Donoghue, 1999; Hammerstedt, 1999) . Female fertility, however, should not be ignored especially regarding the initial interaction of the sperm and egg. The preferential binding of sperm to the IPVL overlying the GD region indicates that sperm receptors may be concentrated in this area of the IPVL to increase the probability of fertilization (Howarth, 1990; Bramwell and Howarth, 1992; Kuroki and Mori, 1997) . If ZPB2 is determined to be responsible for the preferential binding of sperm to the GD region then ZPB2 expression has the potential to be used as a genetic marker for selecting female lines of turkey hens for greater fertility.
